I. INTRODUCTION
Application of distributed systems equipped with short-range wireless communication capabilities will highly be facilitated if cheap and easy-to-use 'on-chip' or 'in-package' solutions would be available. Short-range wireless communication systems operating in the 5-6 GHz ISM band play an important role in the current communication standards. On-chip integrated transceivers, from baseband to antenna input/output, have already become technologically possible. However, the antenna, as the key element in achieving a fully integrated solution and notwithstanding all the development efforts, still remains to be an open challenge.
Several small and planar antenna types have been proposed for wireless communications [1] but none of them was designed to meet all the restrictions and requirements set by on-chip integration. Those restrictions include the properties of available substrate materials and the way they can be processed.
Previously proposed solutions for on-chip antennas integration have been based on the design of patch antennas using silicon as substrate. However, since the 'standard' silicon substrate is a lossy material, high-resistivity silicon or bulk micromachining have to be used in order to increase antenna efficiency. A different approach is to use a low loss material compatible with integrated circuit fabrication process, like glass [2] . Since typical glass substrates have lower dielectric constant, the design of small size antennas often requires the use of folded or shorted structures. MEMS technology and wafer-level chip-scale packaging (WLCSP) techniques when applied to packaging of RF silicon ICs represent truly added value as at a limited cost 3D passive structures can be realized. Application of WLCSP techniques, like adhesive wafer bonding and through-wafer electrical via formation, allows the use of different substrates together with silicon [3] . The use of glass wafers reduces the losses at the expense of a size increase in the integrated antenna. Nevertheless, the use of an advanced antenna design may overcome this drawback, providing a small and effective radiator. In this way, the use of glass substrate enables a small on-chip antenna and RF electronics direct coupling. This offers potential of low cost, low profile and simplified assembly. We evaluate this on folded-patch chip-size antennas.
In this work, the folded short-patch antenna was adopted as a compact solution for antenna integration [4] . We have adapted the WLCSP technology of ShellCase [5] for on-chip integration of such folded-patch antenna. The envisioned application and the fabrication constraints define some critical antenna parameters that have to be optimised. In this paper, we study the influence of substrate thickness and die sidewall angles, as the main fabrication parameters, on the overall antenna characteristics.
II. ANTENNA DESIGN
In our previous work, various antenna prototypes were designed to achieve antenna integration [6] . Those prototypes were based on a patch antenna design realised using high-resistivity silicon (HRS) or glass substrates. In Fig. 1 , a chip-size patch-type antenna prototype fabricated on HRS is shown. Using the HRS substrate, the achieved and measured antenna efficiency (~20%) is rather low. A similar design when realised using a glass substrate, was able to provide The main drawback of this folded structure is its increased fabrication complexity. However, the advances in WLCSP techniques make its implementation feasible. Further on, various fabrication constraints of this folded structure and their influence on antenna performance will be analysed.
A Antenna Fabrication
As can be observed in Fig. 3 , the proposed antenna is built using two stacked wafers. This wafer stack is obtained by wafer bonding. The feeding and the shorting connection between the metal ground and the middle metal layer are obtained with the formation of through wafer vias. To obtain a connection between the upper patch and the ground plane, it's necessary to pattern a metallic vertical wall or, preferably, an angled wall. Other possibility is to define this geometry by the dicing process. Since, for each substrate layer, one wafer has to be used, the wafer thickness defines the distance between patches and therefore dictates the overall antenna thickness (Fig. 3 -d) . All these geometrical fabrication constrains have certain influence on the overall antenna characteristics and are the subject of the following section.
B Antenna Analysis
The antenna was designed to operate at 5.7 GHz, a frequency chosen to be inside the 5-6 GHz ISM band. The antenna model was built in HFSS 8.5 from Ansoft, where all the simulation analysis was performed. This simulation tool was intensively used previously in our patch antenna design [2] , [6] , where good match of modeling and experimental results was achieved.
To complete the model design, it was necessary to know the properties of the glass wafer that will be used to fabricate the prototype. Those electrical characteristics were obtained using the method described in [7] . The developed antenna model is displayed in Fig. 4 . As discussed before, from the fabrication point of view, slanted sidewalls are preferable instead of vertical ones. The first analysis was to investigate the effect of inclined walls when compared to vertical ones. In Fig. 5 , the effect of the sidewall angles on the return loss is shown. The observed shift in the operating frequency is mainly due to the top patch size variation when the wall angle changes. 
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Since the walls inclination could have some influence on the direction where the antenna radiates, the radiation patterns were investigated for different fabrication methods. The obtained results are displayed in Fig. 6 . It can be observed that the far-field radiation diagram remains almost the same for different sidewall angles, with maximum gain directed to ~315º.
From this analysis, the main influence when using slanted sidewalls, instead of vertical ones, will be the operating frequency shift. However, this can be compensated with a small increase in the antenna size since, in a patch antenna, the patch length determines the operating frequency. Furthermore, the operating frequency of the proposed antenna can also be adjusted by proper selection of the middle patch length, L. This tuning effect is observed in Fig. 7 . In this analysis, all the antenna parameters were kept constant, except the dimension L. It was observed that this is an effective method that can be used to select the antenna operating frequency. The drawback is the small (~3-5 %) reduction of the antenna efficiency when the size of the middle patch is increased significantly and approaches the ground wall.
From the fabrication point of view, it is also preferable to keep the overall antenna thickness small. To achieve this, thin or thinned wafers can be used. However, the substrate thickness is one parameter that influences the antenna performance. To study this effect, all the dimensions were kept constant, except the wafer thickness, h, which was modified. The obtained results are presented in Fig. 8 .
It can be observed that decreasing the wafer thickness leads to a reduction in the antenna operating frequency. This is a desirable effect since, for the same operating frequency, the antenna can be smaller. The drawback is the efficiency and bandwidth reduction. The following table summarizes the observed effects when changing the wafer thickness. 
III. CONCLUSIONS
This work demonstrates that folded-patch antennas built on glass substrates operating in the 5-6 GHz ISM band are feasible using WLSCP integration and suitable for wireless short-range links. A folded shorted-patch antenna was designed and it was shown that the main technology constraints do not have negative influence on the overall antenna characteristics.
